A magnetized plasma sphere generated by a rotating magnetic field (RMF) technique has been proposed as an effective shield for innovative space transportation systems, such as a space elevator, from energetic particle radiation found in the Van Allen radiation belts, for example. In the proposed system, the RMF field drives electron ring current inside and outside of the antenna. Then, the generated ring current forms a magnetic sphere which acts as a plasma shield. In this work, generation of electron ring current by RMF has been evaluated numerically. The shielding effect of the generated magnetized plasma sphere has been demonstrated numerically with a simple ring current model. The results showed a combination of azimuthal drift motion of and radial Lorenz force on energetic charged particles. Also, an experimental study has been initiated. The developed IGBT invertor system and a RMF antenna set are also briefly introduced. As an initial experimental work, plasma formation has been attempted in a vacuum tank by using scale models of RMF antenna sets.
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Introduction
A space elevator is recognized as an innovative potential future transportation system for geostationary orbit 1) . The elevator climbs up along a tether, from the earth's surface to the geostationary orbit, over a distance of more than 35,000 km. This innovative system could reduce 90% of the transportation cost per unit-weight compared to the conventional space shuttle. However, there are several issues to be resolved in order to achieve a practical application. According to a force-balance calculation, a strong cable material is required to sustain tension of a few GPa. Also, a climber must pass through two radiation belts called 'Van Allen' belts, in which high-energy charged particles are present. Figure 1 shows the environment that the climber must negotiate along the course of the space elevator. Even in the ionosphere, the climber experiences energetic charged particles, and potentially, current caused by atmospheric dynamo activity.
However, the most serious environment is found in the Van 
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Allen radiation belts. Typical species of particles found here, and their energy, are listed in Table 1 . The width of the inner and outer radiation belts are about 3,000 km and 10,000 km, respectively. Therefore, the estimated travel time across the radiation belts exceeds a few days, and involves exposure to high-energy particle radiation, which can damage not only electronically sensitive machines, but also climber materials and the human body. To protect against exposure to high-energy particles, conventional metaland/or water-shielding have been proposed 2) . However, high-energy protons of over a few MeV activate metal materials due to nuclear reactions. Also, the elevator becomes heavier and operation costs will increase.
A use of plasma shielding (magnetic shielding) has been proposed to avoid charged-particle bombardment in the radiation belts. Power supply for plasma shielding is needed only when a climber passes through the Van Allen belts. Since the electron density is estimated to be in a range of 10 8 -10 10 m -3 in the radiation belts, the shielding plasma is available even without additional gas puffing.
Concept of a Plasma Shield
A rotating magnetic field (RMF) technique has been proposed as a method to generate a 'plasma shield' for the space elevator. The RMF is widely employed in the compact torus (CT) plasma research community, to drive the electron current of the CT plasma 3, 4) , and is efficient in prolonging the lifetime of the field-reversed configuration (FRC) from a few microseconds to at most 10 milliseconds 5) . The RMF generated by the axial alternating current has a radial component that rotates azimuthally, with a higher angular frequency than that of the ion cyclotron, and a lower frequency than that of the electron cyclotron:
(
Here, the electrons alone can follow the rotating field, while the ions cannot, and stay still. We here propose magnetic shielding for a space elevator in which the RMF drives the electron azimuthal motion to generate a poloidal magnetic field.
Other key conditions of RMF are
and
Here  ei is the electron-ion collision frequency, r p is the plasma radius, and  is the skin depth of the rotating field.
Equation 2 describes the required condition of magnetic field strength to drive the current against the collisional force by electron and ion. Equation 3 is the requirement of the field to penetrate into the plasma. Both effects are negligibly small in the density range of radiation belts. To verify the concept of plasma shielding with RMF, an experimental setup has been prepared at Nihon University. Comparison between experimental and computational studies of RMF current drive efficiency is the key issue in developing an RMF-plasma shield for the space elevator.
Current drive by RMF
As noted above, RMF is a technique typically employed to drive a plasma current through a magnetically confined plasma such as FRC. Figure 2 shows a conceptual diagram of a RMF current drive. The RMF is generated by a pair of antennas driven by sinusoidal currents with phase difference of π/2. The resultant magnetic field generated by the RMF antenna with the current shown in Fig.2 (b) rotates toroidally with the frequency of input sinusoidal current. When the RMF frequency ω RMF is higher than the ion-cyclotron frequency ω ci , only electrons are frozen on the RMF field line, and rotate in the direction of the RMF, as shown in Fig. 2 . Then, the electron ring current is driven in the plasma sphere. This magnetized plasma sphere potentially serve as a 'plasma shield' for a space elevator cargo. Figure 3 shows a schematic diagram of the typical configuration of a space elevator vessel, with a set of RMF antenna and a generated magnetized plasma sphere. The highly energetic charged particles in the 'plasma shield', which constitute the magnetized plasma sphere, experience both curvature and gradient drift. Thus drift velocity vd is expressed as,
Shielding against radiation particles
Here, vcd is the curvature drift velocity, and v∇B is the gradient drift velocity. Here vcd and v∇B are expressed as Eq. (5) and (6) where q is electrical charge of particle, R: magnetic field curvature, m: mass of particle, and v ǁ and v��are velocity parallel and perpendicular to B, respectively. Directions of vcd and v∇B are therefore in azimuthal direction. The magnetic field in the plasma shield forms a dipole magnetic field. From the geometry of the dipole magnetic field, it is easy to see that the curvature and gradient drifts are in same azimuthal direction as shown Fig. 4 . Basically azimuthal drift velocity veers the energetic particle from the impact orbit. Also the azimuthal drift velocity forms a radially repulsive Lorentz force. The shield effect is provided by the combination of both effect of bended trajectory and repulsive force.
Numerical Verification

Condition for numerical calculation
To evaluate the feasibility of electron ring current generation and the possibility that a magnetosphere generated by electron ring current may prevent a space elevator from exposure to high-energy charged particles, numerical calculations have been performed.
In the Earth's magnetosphere, there is weakly ionized hydrogen plasma with electron temperature of 1 eV and density of 10 8 -10 10 m -3 . These particles are targeted as a source for the electron ring current. Therefore, we analyzed the behavior of electrons and ions in the magnetosphere, when a RMF is driven into this atmosphere.
The RMF antenna system consisted of two pairs of coil elements. Figure 5 shows the location of the RMF antennas and the elevator cargo for the calculation. The RMF current is applied to each of the coil elements with a phase difference of . Thus, the RMF-current on each antenna can be written as, 
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where  RMF is the angular frequency of the RMF. To generate the electron ring current,  RMF must satisfy the condition of Eq.
1. The major parameters for this calculation are listed in Table2.
Generation of electron ring current
The behavior of charged particles in the RMF is described by the following equations:
The trajectory of electrons and ions is calculated by Eq. (9) with Eq. (10). Figure 6 shows the results of a single electron and ion trajectory on the x-y plane, with  RMF of 100 kHz. In this calculation, the initial position of the electron and ion is the same (x = 20 m and y = 20 m). In the result shown in Fig.  6 , the electron is trapped in the RMF, and then moves around the space elevator. In contrast to the electron, the ion cannot be trapped in the rotating field. Thus, it is clear that an electron ring current can be generated in the atmosphere of the magnetosphere. Also the calculation shows that the electron has highest azimuthal velocity i.e. largest ring current in the case of 100 kHz of RMF frequency.
Shielding effect of an electron ring current
In the previous section, the feasibility of generating an electron ring current is presented by means of electron and ion trajectory calculation. In this section, we have evaluated the effect of a plasma shield on high-energy charged particles. Toroidal electron current is regarded as a line ring current for simplification of the calculation. The parameters of the ring current in the calculation are listed in Table 3 . The magnitude of the ring current has been estimated from the result of the electron trajectory calculation described in Sec. 3.2. Fig. 9 . Experimental setup. An 880 litre vacuum tank has been employed for the test chamber. The RMF generated plasma ring is tested in a space-like atmosphere. Fig. 10 . Experimentally generated magnetosphere with helium gas puffing. The mean free path of high-energy charged particles is much longer than the diameter of the space elevator cargo with magnetosphere generated by a ring current. Therefore, these particles head toward the space elevator without collision with any other charged particles, and we can calculate the trajectory of high-energy charged particles as the trajectory of a single charged particle in a magnetic field without collision. Figure 7 shows the typical trajectories of an electron with 20keV of energy. The initial position of the high-energy electron is set at x = 180 m from the center of the space elevator for each case. The y-positions are taken at y = 1 m, y = 0 m (red) and y = -1 m (green). As Fig. 7 shows, the trajectory of a high-energy charged particle heading toward the space elevator could be bent by the magnetosphere for all the cases, with different initial y-positions. These results indicate that a generated plasma shield is effective in deflecting high-energy electrons.
Calculation of Störmer region
In this section, the global property of shielding ability of a magnetic field with magnetic flux Ψ has been evaluated by calculating the Störmer region 6) . Here the charged particle has a charge of q [C] and kinetic energy E [J], and is in an axisymmetric field. The canonical angular momentum P θ is assumed to be 0 in this case, since the charged particle heads toward the space elevator from infinity and enters radially to the plasma shield. The charged particle is accessible in the region wherein following condition is satisfied:
The term on the right side of Eq. (11) is called the Störmer potential. The Störmer potential depends on the magnetic flux Ψ, and therefore on the distance from the ring current. Its contour lines indicate an edge between the accessible region and the inaccessible region of charged particles which have a kinetic energy equal to the Störmer potential. The contour lines of Störmer potential for an electron and proton in the case of background electron density of 10 13 m -3 are shown in Fig. 8 . Charged particles whose kinetic energy is smaller than the Störmer potential indicated by the contour line are inaccessible to the inside of the closed contour line. Thus, a charged particle approaching the space elevator is deflected at the location where the kinetic energy of the charged particle equals the Störmer potential. As shown in Fig. 8 , the magnetized plasma sphere can shield the space elevator from an electron up to 1MeV, and a proton up to 640eV, in this case.
Preliminary test for Experimental Verification
The three key tasks for experimental study are as follows.
(1) Generation of a ring current with RMF. The highest region of energy deposition is inside the RMF antenna (i.e., the region of the 'climber' of the space elevator). Therefore, the test must be performed with a dummy climber. (2) Investigation of the interaction between a high-energy particle beam and a generated ring current. (3) Verification of the effect of an oscillating magnetic field on the passenger compartment of a space elevator.
The first task has been initiated in the newly built vacuum test chamber shown in Fig. 9 . The 880l vacuum chamber has 1,000 mm of bore and is evacuated to the range of 10 -7 Torr. The RMF antenna has been installed in the vacuum chamber, and an initial test of plasma initiation has been performed. Figure 10 shows an example of the 'plasma sphere' generated with the antenna. In the series of experiments, a sinusoidal current is provided by the inverter circuit with a LC resonant antenna, as shown in Fig.11 .
The initial experiments have successfully demonstrated the initiation of plasmoid generation. However, as we can see in Fig.10 , the higher density (the brighter in Fig.10 ) region of plasmoid is located inside the antenna system. The elevator vessel will be in this part when this RMF generated plasmoid is applied as a plasma shield. To achieve the other two tasks, optimization of the antenna structure design, and initiation of the plasma with a dummy climber vessel inside the antenna structure, must be performed in the near future.
Summary
Plasma shielding for a space elevator has been proposed. Numerical and experimental verification of the concept has begun. Numerical calculations have demonstrated a successful drive of ring plasma current and possible shielding of energetic electrons in a parameter range of up to 1 MeV. For proton, energy range which can be completely shielded is up to only 640eV for the presented RMF condition. However, the bending effect on the energetic particle trajectory potentially reduces the number of bombing protons onto the cargo. To design optimum ring-current structure, self-consistent simulation including RMF, spatially distributed electron current and high energy radiation belt particles have to be performed for further understanding. Initial experimentation has also been performed to demonstrate plasma initiation by RMF. Optimizations of antenna design and operating conditions must be determined numerically. In addition, the experimental study of plasma generation with a dummy elevator vessel is necessary for a more realistic test of plasma shield generation. 
